Introduction
The South Korean government's denuclearization policy has led to the permanent shutdown of the nation's first commercial nuclear reactor, Kori Nuclear Power Plant No. 1, on June 18, 2017, as well as the inevitable scale-down of future nuclear power generation capacities. The construction of the Shin-Kori No. 5 and 6 nuclear reactors has only been resumed lately following a decision made by a dedicated public debate commission, after being suspended for a long time. This attempt to overhaul the country's power generation scheme has undermined the nation's prospects of exporting its advanced nuclear technologies, ceding space in this market to China and Russia.
Globally, a total of 448 nuclear power plants are being operated as of September 2017, with an additional 57 under construction, 19 of which are in China and 2 in Japan. South Korea is the sixth largest nuclear power generator in the world [1] . Nuclear JRPR power plants supplied 161,995 GWh or 30.64% of all electricity generated nationwide in 2016, a significant increase from 2,324 GWh or 7.4% in 1978, when the country first introduced nuclear power. As of the end of 2016, a total of 24 reactors are currently in operation (not including the suspended Kori Nuclear Power Plant No. 1); 20 of them are pressurized water reactors (PWR) and 4 are pressurized heavy-water reactors (PHWR). The PHWRs Wolsong 1 through 4 are all located in the Wolsong Nuclear Power Plant complex, while an PWR (Shin-Wolsong No. 1) has been recently added.
Amid the series of changes in nuclear power policy-the suspension of Kori Nuclear Power Plant No. 1, the ban on extended operation after reaching a plant's design life, and the cancellation of new plant construction-it is timely to assess and discuss the level of radiation safety management in terms of radiation exposure. The radiation dose database of nuclear reactors should be studied on a regular basis to alleviate public anxiety about nuclear power plants and to prepare for the future shutdown of old facilities. In this regard, this study evaluated the quality of South Korea's radiation safety management by analyzing 5-year radiation exposure data from nuclear power plants and comparing them to trends in other groups of radiation workers and other nuclear nations throughout the world.
Materials and Methods

Subjects and radiation exposure data
Registered radiation workers over the 5-year period between 2011 and 2015 were selected as subjects. Radiation exposure data for nuclear workers, including the work classification, were collected with the cooperation of Korea Hydro & Nuclear Power (KHNP). Nuclear safety yearbooks published by the Nuclear Safety and Security Commission were chosen as the data source for radiation workers in other fields regulated under the Nuclear Safety Act. Annual reports on occupational radiation exposure in diagnostic radiology by the Korea Centers for Disease Control and Prevention were utilized as the source of data for radiation workers under Medical Law.
Radiation work was classified with reference to the KHNP data. Subjects were categorized as employees of KHNP, the operator of nuclear reactors; KPS, the maintenance and repair service provider; and others, including employees of radiation safety management and equipment maintenance service providers. Some of the workers were employed by 2 or more facilities, which was adjusted for to avoid redundancy.
Radiation exposure was analyzed according to each unit's annual average, operational status, and reactor type, by comparing the radiation dose distribution during normal operation and planned outages, as well as between PWRs and PHWRs. The 5-year trend of collective doses for all nuclear workers and the per unit annual average were also studied. Internal and external exposure were compared. Individual annual radiation exposure distribution was analyzed for 7 intervals (under 0.1 mSv, 0.1-1 mSv, 1-10 mSv, 10-20 mSv, 20-30 mSv, 30-50 mSv, and 50 mSv or higher), and cases of excessive exposure were dealt with according to the standards of the Nuclear Safety Act.
The average radiation exposure of nuclear power plant workers according to nuclear safety yearbooks provided by the Nuclear Safety and Security Commission was compared to that of medical radiation workers determined using the registry of the Korea Centers for Disease Control and Prevention. Radiation exposure by occupation, the distribution of exposure by dose, and the amount of those who exceeded the dose limit were evaluated to assess the quality of radiation safety management in nuclear power plants.
The average per unit doses of South Korean nuclear power plants were compared to those of other major nuclear power generators worldwide, using the World Association of Nucle- 
Radiation exposure by type of work
Radiation work at nuclear power plants is broadly classified into 20 categories, shown in Table 1 , for both PWRs and PHWRs. Radiation exposure levels were analyzed for each type of work based on the KHNP data. Exposure levels for a more detailed classification of around 200 items have been studied, but will not be disclosed here for reasons of confidentiality. The broader classification of radiation work was consistent for both PWRs and PHWRs, while the characteristics and special features of each reactor type were taken into account in the more detailed analysis.
Dose distribution by operational status was studied for normal operation and planned outage periods, with the latter referring to planned maintenance and repair in cases of regular fuel change, the end of equipment life, or defects in the main equipment. The operational status was occasionally divided into 3 groups, in cases when interim maintenance was performed upon the detection of abnormal defects outside of planned outages. The International Atomic Energy Agency Power Reactor Information System (IAEA PRIS) database was used for unplanned outages, an immediate indicator of the safe operation of nuclear power plants. Table 2 lists the number of registered radiation workers in South Korea. As of December 2015, 14,926 workers were registered as working at 24 operating nuclear power plants, 140 more than the figure of 14,786 in December 2013.
Results and Discussion
Distribution of radiation workers
Only 235 workers were added to the population of 14,691 radiation workers in 2011, making the total 14,926 in 2015, although 3 new plants came into operation over the same period. The dip in 2014 was likely caused by the reduced duration of planned outages (850 days less than the previous year), and continued efforts to cut down radiation.
Radiation exposure dose distribution for nuclear workers
We found that the external exposure dose of nuclear workers was measured monthly using thermoluminescent dosimeters allocated to each individual. Two dosimeters were used to measure the effective dose for jobs where the dose rate on the body parts that directly come in contact with radiation was 30% or higher, or performed in high-radiation areas with an hourly dose rate of 1 mSv or higher and exposure to more than 2 mSv at a time.
For internal exposure, the committed effective dose was measured using both a whole body counter [2] as a direct method and a liquid scintillation counter, an indirect method of testing urine samples [3] .
According to the WANO PI and the corresponding graph in Figure 1 , South Korea had the lowest annual per unit collective exposure in 2015 at 374 man-mSv, just 52% of the worldwide average of 720 man-mSv. The global annual average per unit exposure stood at 852 man-mSv, 758 man-mSv, 725 man-mSv, 730 man-mSv, and 720 man-mSv each year between 2011 and 2015, compared to Korea's 532 man-mSv, 455 man-mSv, 527 man-mSv, 360 man-mSv, and 374 manmSv, respectively.
1) This is a clear demonstration of Korea's exceptional radiation safety management performance, given that the WANO PI is one of the most reliable and objective criteria used worldwide. The indicator is a tally of the total radiation dose that workers are exposed to in all types of reactors. These findings serve as evidence of systematic radiation safety management as a component of the comprehen- sive radiation reduction projects carried out by KHNP, which runs nuclear reactor operation projects [4] . By reactor type, radiation exposure at PWRs was dominant during planned outages over the 5-year periods leading up to 2013 and to 2015, accounting for 91.3% and 89.7% of the exposure, respectively. In contrast, radiation exposure at PHWRs during planned outages dropped by 10%, to 74.1%, from 85.1% over the 5-year period ending in 2015, possibly due to the high dose of radiation released during the pressure tube replacement work at Wolsong No. 1 between 2009 and 2010. PHWRs tend to release a higher dose of radiation during normal operation, including fuel and/or fuel handling machine replacements, than PWRs [5] . PHWRs in Korea seem to be safely managed, since the radiation exposure during normal operation generally accounted for 20% of all exposure.
The annual collective radiation exposure in 2013 shown as Table 3 was 12,122 man-mSv, up by 1,650 man-mSv from the year before, not because of unusually high amounts of radiation work, but due to extended planned outage periods (70% longer than 2012), as well as aged plants, comprehensive equipment upgrades, and preemptive inspections.
In contrast, the annual collective radiation exposure in 2014 was 8,325 man-mSv, down by 3,797 man-mSv (31%) from 2013, thanks to a reduction in planned outages by 850 days (44.6%). In 2015, the amount increased by 537.05 manmSv (6.45%) from the previous year to 8,861 man-mSv, with 4.1% longer planned outage periods.
It can be seen that the variation of annual collective radiation exposure in nuclear power plants was primarily determined by the duration of planned outage periods, which is evidence of Korea's stable radiation safety management capability that allows for fluctuation only through planning.
Radiation exposure by work type was found to be associated with replacement projects for major equipment such as steam generators or deterioration of equipment. The types of work that generated the most radiation in PWRs included the disassembling and assembling of reactors during planned outages, eddy current testing (ECT) of steam generator tubes, work related to nuclear instrumentation systems, coolant pumps, and radiation safety management. The types of work with the highest radiation exposure in PHWRs were the replacement of nuclear fuels, fuel handling machine maintenance, ECT of steam generator tubes, and work on steam generator tubes, delayed neutron monitoring system tubing, and radiation safety management. There was no major difference in the types of work that released the highest radiation dose between reactor types, other than fuel replacement procedures performed during normal operation in the case of PHWRs. In terms of operational status, 87% of all exposure took place during planned outages in 2015, as seen in Figure 2 . The percentage was higher at 88.6% for PWRs, compared to 78.4% for PHWRs. PHWRs generated more radiation during normal operation than their counterparts due to fuel replacement.
Radiation exposure type
Radiation exposure can be external or internal to the body, depending on the source of radiation. On average, external Table 4 . Internal exposure mostly took place in PHWRs, which accounted for 427 of the average of 429 man-mSv. In PHWRs, most internal radiation exposure is attributed to tritium, which is used as a moderator [6] . Internal radiation exposure at PHWRs maintained a similar share during 2011-2015, at 21.8%, and 2011-2013, at 22%, after the pressure tube replacement. This means that currently no unusual high-radiation work is done in PHWRs [5] .
Annual individual radiation exposure of radiation workers
During 2011-2015, 83.5% of all radiation workers were exposed to less than the public dose limit of 1 mSv, and none of them exceeded the 50 mSv annual dose limit. In 2009 and 2010, respectively, 47 and 39 workers were exposed to 20-30 mSv of radiation as part of the Wolsong No. 1 pressure tube replacement. At the same time, only 1 worker exceeded the 20 mSv threshold by being exposed to 26.6 mSv of radiation while performing insulator replacement during the Kori No. 3 planned outage in 2012. There has been no case of exceeding the management dose of 30 mSv (60% of the 50 mSv annual dose limit) over the decade leading up to 2015.
As for radiation workers in other sectors, the average individual exposure for the 43,078 radiation workers listed in the Korea Foundation of Nuclear Safety registry in 2015 was 0.6 mSv, close to the 0.59 mSv of nuclear workers. The occupations in that registry include most engineering fields, doctors, nurses, and radiologists within the fields of diagnostic nuclear medicine and radiation oncology. The 2016 Nuclear Safety and Security Commission's yearbook reported that the average exposure of 7,645 non-destructive workers was 1.77 mSv, 75% of the 2014 data.
The annual average dose of non-destructive workers between 2011 and 2015 stood at 2.39 mSv, 3.43 mSv, 3.87 mSv, 2.37 mSv, and 1.77 mSv each year, demonstrating a decreasing trend. However, this group had the highest 5-year average annual dose at 2.77 mSv, compared to other occupational groups. They were exposed to more than twice the radiation than radiologists, the most vulnerable class within the diagnostic nuclear medicine field, with 5-year average of 0.95 mSv.
Meanwhile, radiation workers are also separately defined and managed by the Medical Law of Korea. The 2015 individual exposure data of medical radiation workers under medical law showed that the number of radiation-generating diagnostic devices increased by 3.4% from the previous year, from 75,762 to 78,347. In 2015, there were 76,493 medical radiation workers, including doctors, dentists, and radiologists in charge of the safe management of diagnostic radiation devices, up by 7.6% from 2014 and by a whopping 27% from 60,430 in 2011. In fact, there were 33,415 more radiation workers under medical law than the 43,078 registered under the Nuclear Safety Act. Radiation workers in the medical sector largely consist of doctors, dentists, radiologists, and nurses in the field of diagnostic medicine. Their average annual individual radiation exposure was 0.39 mSv, and radiologists were the most vulnerable group, exposed to an annual average of 0.95 mSv radiation, which corresponded to annual values of 1.16 mSv, 1.01 mSv, 0.94 mSv, 0.85 mSv, and 0.8 mSv from 2011 to 2015, respectively.
When compared to the annual permissible dose limits, 28 nuclear workers exceeded the limit, out of a total of 209,482 person-years between 2011 and 2015, 500% more than the 9 medical radiation workers who did so out of a total of 336,886 person-years over the same period. However, simply looking at the numbers can be misleading in terms of evaluating the overall level of safety. Rather, we concluded that radiation safety management is under good control in Korea, given the downward trend of individual doses in both the medical and nuclear groups, with the exception of non-destructive work- 
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ers. During the 2011-2015 period, 99.999% of Korean nuclear workers were exposed to less than 20 mSv of radiation, with the exception of 1 case in 2012 in which the 20 mSv threshold was exceeded shown as Table 5 . Additionally, 334 of all 336,886 medical radiation workers were reported to have exceeded the limit. This is merely 0.1% of all medical radiation workers, while the portion was even smaller for nuclear workers at 0.001%, corresponding to 1 out of 73,378 workers.
These results suggest an important finding: medical radiation workers generally work with lower-dose devices and are thus exposed to a smaller annual average dose (0.39 mSv) than nuclear workers (0.59 mSv) in 2015, but at the same time a higher percentage of medical workers exceeded the 20 mSv limit. In other words, nuclear power plants are doing an outstanding job in radiation safety management in comparison to other fields.
Next, we analyzed the per unit radiation dose over the past 20 years. As shown in Figure 3 , per unit radiation exposure dropped notably from 2.6 man-Sv in 1988 to 0.35 man-Sv in 2015, while the annual average individual exposure fell from 3.13 mSv to 0.59 mSv over the same period. This was thanks to the efforts to reduce radiation starting in the design phase of power plants with the as low as reasonably achievable (ALARA) initiative and follow-up checklists [7] , as well as other comprehensive radiation protection policies put in place by KHNP, such as mid-to long-term radiation reduction plans and lead vest dose reduction effect analysis [8] .
Korean nuclear power plants have managed to limit cases of excessive exposure to 1 in the most recent 5-year period, even though high-radiation tasks are inevitable during steam generator and reactor coolant maintenance jobs during planned outages. Furthermore, the 2015 IAEA PRIS report listed Korea's unplanned outage rate as the lowest at 0.13 cases per unit, compared to 0.8 in the USA, 2.67 in France, and 1.07 in the UK.
Many different standards can be applied to assess the quality of radiation safety management in nuclear power plants, but some of the most basic and simple standards include average annual individual exposure dose and distribu- There was no case of exceeding the annual dose limit or even 30 mSv (60% of the annual limit) over the last 10 years, thanks to incessant efforts to improve the safety management of nuclear power plants and to reduce radiation.
Although these results and achievements mean a lot, it is best to keep in mind that unexpected abnormalities are bound to happen. A more systematic radiation protection system and radiation reduction efforts are required [9] . Radiation safety management becomes especially important in case of the shutdown of reactors following the government's denuclearization policy. This should include setting up a more detailed database of radiation safety management, as well as a regular assessment process.
